Background. The prognostic and predictive value of the two nonluminal (human epidermal growth factor receptor 2 [HER2]enriched and basal-like) subtypes within advanced hormone receptor-positive (HR+) breast cancer is currently unknown. Materials and Methods. This study retrospectively analyzed 261 tumors (80.7% primary; 19.3% metastatic) from the BOLERO-2 study; BOLERO-2 randomized 724 patients with advanced HR+/HER2-negative breast cancer to everolimus plus exemestane or placebo plus exemestane. Tumors were classified using a PAM50 subtype predictor. Multivariable Cox regression analyses tested the independent prognostic significance of PAM50, and associations between PAM50 subtypes and treatment upon progression-free survival (PFS) were evaluated. Results. Subtype distribution was 46.7% luminal A (n = 122), 21.5% HER2-enriched (n = 56), 15.7% luminal B (n = 41), 14.2% normal-like (n = 37), and 1.9% basal-like (n = 5); HER2-enriched subtypes were more common in metastatic versus primary tumors (32.0% vs. 18.7%; p = .038). Median PFS differences between luminal and nonluminal (6.7 vs. 5.2 months; adjusted hazard ratio, 0.66; 95% confidence interval [CI], 0.47-0.94; p = .020) and HER2-enriched and non-HER2-enriched subtypes (5.2 vs. 6.2 months; adjusted hazard ratio, 1.53; 95% CI, 1.07-2.19; p = .019) were significant. Everolimus plus exemestane significantly improved median PFS versus placebo plus exemestane among patients with HER2enriched tumors (5.8 vs. 4.1 months; adjusted hazard ratio, 0.49; 95% CI, 0.26-0.90; p = .034); however, the association between HER2-enriched tumors and everolimus benefit was nonsignificant (p = .433). Conclusion. The HER2-enriched subtype was identified in a substantial proportion of advanced HR+/HER2-negative breast tumors, and was a consistent biomarker of poor prognosis. Tailored therapies are therefore needed for HER2-enriched tumors in the advanced HR+/HER2-negative breast cancer setting. The Oncologist 2019;24:893-900 Implications for Practice: Using 261 tumor samples from the BOLERO-2 phase III clinical trial, this study shows that a substantial proportion (20%-30%) of hormone receptor-positive (HR+)/human epidermal growth factor receptor 2 (HER2)-negative advanced breast cancers do not have a luminal A or B gene expression profile. This group of patients with nonluminal disease has a poor survival outcome regardless of the addition of everolimus to exemestane. This is the second study that confirms the prognostic value of this biomarker. Overall, these findings indicate a necessity to design novel clinical trials targeting nonluminal disease within HR+/HER2-negative breast cancer.
INTRODUCTION
The standard of care for advanced hormone receptor-positive (HR+)/human epidermal growth factor receptor 2 (HER2)-negative breast cancer is currently endocrine therapy alone or combined with inhibitors of cyclin-dependent kinase 4/6 (CDK4/6) or mammalian target of rapamycin (mTOR) [1, 2] . However, HR+/HER2-negative disease is clinically and biologically heterogeneous, and identification of subgroups of patients with differing prognoses and anticipated treatment responses is needed.
Studies of global gene expression patterns have identified four intrinsic HR+/HER2-negative breast cancer subtypes (luminal A, luminal B, HER2-enriched, and basal-like) [3] [4] [5] . Compared with luminal A or B subtypes, nonluminal HER2-enriched and basal-like subtypes are less differentiated, and express higher levels of proliferation markers and lower levels of estrogen-regulated genes [3] . However, these nonluminal subtypes are also clearly distinct. The HER2-enriched/HER2-negative subtype is highly similar to the classical HER2-enriched/HER2-positive subtype but lacks amplification/overexpression of the HER2 amplicon, whereas the basal-like/HR+ subtype is highly similar to the classical basal-like/triple-negative subtype [6] . Thus, nonluminal HR+/ HER2-negative subtypes are more similar to nonluminal HER2-positive or triple-negative breast cancer subtypes than they are to luminal A or B subtypes.
Identification of the HER2-enriched or basal-like subtypes within HR+/HER2-negative disease may be of clinical value. In early HR+/HER2-negative breast cancer, both nonluminal subtypes are associated with estrogen independence [7, 8] , chemosensitivity [9] , and poor survival outcome [10] . Intrinsic subtype might also predict treatment outcome and benefit in the advanced or metastatic settings [11] . In a retrospective analysis of 644 tumor samples from the phase III EGF30008 study of first-line letrozole with or without lapatinib for advanced HR+/HER2-negative breast cancer, both nonluminal subtypes were associated with poor progression-free survival (PFS) and overall survival (OS) [11] . Patients with the HER2-enriched subtype benefited from lapatinib addition, concordant with the genomic profile of the tumor. These data support exploring new therapeutic approaches for patients with nonluminal subtypes of advanced HR+/HER2-negative breast cancer [12] .
Herein, we report the results of a retrospective analysis of the prognostic and/or predictive value of HER2-enriched and basal-like subtypes in patients with advanced, non-steroidal aromatase inhibitor-refractory, HR+/HER2-negative breast cancer from the phase III BOLERO-2 study.
MATERIALS AND METHODS

Patient Data
BOLERO-2 was an international, double-blind phase III study, in which patients were randomized (2:1) to receive oral everolimus (10 mg daily) or matching placebo, plus oral exemestane (25 mg daily) until disease progression, unacceptable toxicity, or withdrawal of consent [13] . Randomization was stratified according to the presence of visceral metastases, and prior sensitivity to endocrine therapy. All patients provided written informed consent before enrollment. Eligibility criteria have been previously reported [13] . Patients were postmenopausal women with advanced, non-steroidal aromatase inhibitor-refractory, estrogen receptor-positive/HER2negative breast cancer, measurable disease (or mainly lytic bone lesions), and Eastern Cooperative Oncology Group (ECOG) performance status 0-2. Key exclusion criteria included a history of brain metastases and prior exposure to exemestane or mTOR inhibitors.
The study was conducted per Good Clinical Practice guidelines, the Declaration of Helsinki, and local regulations, and was approved by the institutional review board at each site. A steering committee supervised the study. An independent data and safety monitoring committee performed semiannual reviews of safety and interim efficacy. The study is registered with ClinicalTrials.gov (NCT00863655).
Gene Expression Analysis
A section of hematoxylin and eosin-stained, formalin-fixed paraffin-embedded (FFPE) breast tissue was examined to confirm the presence of invasive tumor cells and determine the tumor area. RNA purification (High Pure FFPET RNA Isolation Kit; Roche, Basel, Switzerland) used up to three 10-μm FFPE slides per tumor specimen, and macrodissection was performed where necessary to avoid contamination with normal breast tissue. A minimum of approximately 150 ng total RNA was used to measure expression of 50 PAM50 genes and five housekeeping genes (ACTB, MRPL19, PSMC4, RPLP0, and SF3A1) using the nCounter platform (NanoString Technologies, Seattle, WA). Data were log base 2 transformed and normalized using the five housekeeping genes.
Sample Data and PAM50 Intrinsic Subtyping
Of 724 tumor samples, 363 tumor blocks were sent to the central lab. A total of 300 samples had sufficient tumor tissue in hematoxylin and eosin. Minimum RNA quantity and quality was obtained from 261 samples ( Fig. 1 ), and gene expression was successful in all samples. Intrinsic subtyping was performed using the previously described researchbased PAM50 intrinsic subtype predictor [11, 14] . PAM50 subtyping was performed by the Translational Genomic and Targeted Therapeutics in Solid Tumors group (IDIBAPS) by investigators blinded to clinical data.
Statistical Analysis
PFS outcomes were estimated using the Kaplan-Meier methods and compared using log-rank tests. Univariable and multivariable Cox regression analyses adjusted for treatment (everolimus vs. placebo) were used to test the independent prognostic significance of each variable. To test the predictive value of the PAM50 nonluminal subtypes, interaction tests between PAM50 subtypes and treatment for PFS were evaluated in univariable and multivariable models. The proportionalhazards assumption was tested based on Schoenfeld residuals. A two-sided p < .05 was used as the threshold for statistical significance.
RESULTS
Patient Characteristics
Baseline characteristics were broadly similar between the 724 patients in the overall population and the 261 patients in the PAM50 subpopulation, although the PAM50 subpopulation comprised larger numbers of patients who were © AlphaMed Press 2019 A PAM50 Intrinsic Subtype Analysis of BOLERO-2 white (87.7% vs. 75.6%) or had primary tumors (80.1% vs. 53.6%; Table 1 ). In the PAM50 subpopulation, median age was 61 years, 225 (86.2%) patients had prior sensitivity to endocrine therapy, 156 (59.8%) had ECOG performance status 0, and 84 (32.2%) had three or more metastatic sites. Everolimus plus exemestane was associated with a significant PFS benefit versus placebo plus exemestane (median: 8.0 vs. 4.1 months; hazard ratio, 0.42; 95% confidence interval [CI], 0.31-0.56; p < .0001) in the PAM50 subpopulation; a similar observation was recorded in the overall population [15] .
Intrinsic Subtype Distribution
In the PAM50 subpopulation, 46.7% of patients carried the luminal A subtype (n = 122), 21.5% the HER2-enriched subtype (n = 56), 15.7% the luminal B subtype (n = 41), 14.2% the normal-like subtype (n = 37), and 1.9% the basal-like Table 1 ); the biopsy source was unknown for two patients. Interestingly, 39 of 209 (18.7%) samples from primary tumors were HER2-enriched ( Fig. 2B) , compared with 16 of 50 (32.0%) samples from metastatic tumors (p = .038; Fig. 2C ).
Prognosis
Median PFS was 6.2 months (95% CI, 4.37-8.31) and 5.4 months (95% CI, 4.04-8.05) among patients with luminal A and B tumors, respectively, 5.2 months (95% CI, 3.91-6.70) among those with HER2-enriched tumors, 3.2 months (95% CI, 1.51 to no result) among those with basal-like tumors, and 6.8 months (95% CI, 4.07-11.07) among those with normal-like tumors.
To analyze the association between HER2-enriched subtype and survival, PFS was compared between the HER2-enriched (median PFS, 5.2 months; 95% CI, 3.91-6.70) and combined non-HER2-enriched subtypes (median PFS, 6.2 months; 95% CI, 4.40-8.05). The 1-month median PFS difference in favor of the non-HER2-enriched subtypes was statistically significant (adjusted hazard ratio, 1.53; 95% CI, 1.07-2.19; p = .019), with pronounced separation of the survival curves observed after more than 50% of patients had progressed (Fig. 3A) . Overall, 80% of patients with a HER2-enriched or non-HER2-enriched subtype had progressed at 8 and 15 months, respectively.
PFS was also compared between the combined luminal (median PFS, 6.7 months; 95% CI, 4.40-8.05) and nonluminal subgroups (median PFS, 5.2 months; 95% CI, 3.45-6.70). The 1.5-month median PFS difference was statistically significant (adjusted hazard ratio, 0.66; 95% CI, 0.47-0.94; p = .020; Fig. 3B ). A limited number of basal-like tumors (n = 5) prevented the independent evaluation of this subgroup. An exploratory analysis comparing PFS between the luminal A and B subtypes showed no statistically significant differences.
Benefit of Everolimus Therapy
Among patients with HER2-enriched disease, the addition of everolimus to exemestane had a small but statistically significant impact on median PFS compared with the placebo arm (5.8 vs. 4.1 months; adjusted hazard ratio, 0.49; 95% CI, 0.26-0.90; p = .034; Fig. 4A ). In the non-HER2-enriched subgroup, the median PFS difference between the everolimus and placebo arms was more pronounced (8.7 vs. 4.1 months; adjusted hazard ratio, 0.37; 95% CI, 0.26-0.51; p < .0001; Fig. 4A ). The interaction between HER2-enriched tumors and everolimus benefit with respect to PFS was not statistically significant (p = .433).
Among patients with nonluminal disease, the addition of everolimus to exemestane also had a small but statistically significant impact on median PFS compared with the placebo arm (5.8 vs. 4.1 months; adjusted hazard ratio, 0.47; 95% CI, 0.26-0.85; p = .027; Fig. 4B ). In the luminal subgroup, the median PFS difference between the everolimus and placebo arms was also more pronounced (8.7 vs. 4.1 months; adjusted hazard ratio, 0.37; 95% CI, 0.26-0.52; p < .0001; Fig. 4B ). As expected, the interaction between nonluminal and everolimus benefit with respect to PFS was not statistically significant (p = .534).
Among patients with the luminal A subtype, median PFS was 8.3 months (95% CI, 5.59-11.10) in the everolimus arm versus 4.1 months (95% CI, 2.63-5.26) in the placebo arm (adjusted hazard ratio, 0.39; 95% CI, 0.25-0.61; p < .0001). Among patients with the luminal B subtype, median PFS was 6.8 months (95% CI, 4.11-11.70) in the everolimus arm versus 2.8 months (95% CI, 1.48-7.13) in the placebo arm (adjusted hazard ratio, 0.69; 95% CI, 0.34-1.39; p = .349).
DISCUSSION
In this study, PAM50 intrinsic subtyping was performed on tumor samples from 261 patients whose advanced HR+/ HER2-negative breast cancer received treatment in the BOLERO-2 study. Of note, all the intrinsic molecular subtypes were identified. The HER2-enriched subtype was present in 21.5% of cases and was enriched in metastatic tumor samples rather than primary tumor tissues. Nonluminal subtypes, including the HER2-enriched subtype, were associated with a poorer prognosis compared with luminal subtypes. Although intrinsic subtyping did not predict which subgroup would derive the greatest benefit from everolimus, the PFS gain among patients with the HER2-enriched subtype was small (1.7 months). To our knowledge, this is the first study to report the intrinsic disease subtypes of a population of patients with non-steroidal aromatase inhibitorrefractory, HR+/HER2-negative advanced breast cancer.
Everolimus, an mTOR inhibitor, has shown clinical activity in patients with advanced HR+/HER2-negative breast cancer as a monotherapy [16] , and in combination with endocrine therapy [17] [18] [19] . In the phase III BOLERO-2 study, the combination of everolimus and exemestane significantly improved median PFS versus placebo plus exemestane (7.8 vs. 3.2 months; hazard ratio, 0.45; 95% CI, 0.38-0.54; p < .0001) in patients with non-steroidal aromatase inhibitor-refractory, HR+/HER2-negative advanced breast cancer, leading to the approval of this combination in this setting [15] . However, HR+/HER2-negative disease is clinically and biologically heterogeneous, and identification of subgroups of patients with different prognoses and anticipated treatment responses is needed.
Two prior studies of tumor or blood samples from BOLERO-2 have evaluated the prognostic and/or predictive value of single biomarkers [20, 21] . In one study, nextgeneration sequencing of samples from 302 patients unexpectedly revealed that PFS benefit with everolimus was maintained regardless of PIK3CA, FGFR1, and CCND1 mutations or mutations to the corresponding pathways; however, quantitative differences in everolimus benefit were observed between patients with PIK3CA mutations in exon 20 and those with PIK3CA mutations in exon 9, and between patients with different degrees of chromosomal instability in their tumor tissues [21] . In the second study, ESR1 mutations Y537S and D538G in cell-free DNA were evaluated in samples from 541 patients. Interestingly, detection of one or both mutations was associated with a more aggressive tumor biology [20] . Although promising, further analyses and clinical validation of these potential biomarkers are needed. Evidence for the ability of the HER2-enriched subtype to predict prognosis and/or treatment benefit is mostly confined to the early breast cancer setting [7] [8] [9] [10] . Similar evidence in the advanced or metastatic setting was previously limited to a single retrospective PAM50 analysis of 821 tumor samples from the phase III EGF30008 study [11] ; the HER2-enriched subtype was significantly associated with poor PFS in patients treated with first-line letrozole with or without lapatinib. This result, together with that observed in the PAM50 subpopulation of this study, confirms the HER2-enriched subtype to be a consistent and poor prognostic biomarker for advanced or metastatic HR+/ HER2-negative breast cancer.
In early breast cancer, the HER2-enriched subtype represents 3%-10% of HR+/HER2-negative disease [3] [4] [5] . However, a higher proportion of 15%-20% is being observed in patients with advanced or metastatic breast cancer [22] . This increase may be attributed to patient selection and/or a shift in tumor biology due to inherent tumor evolution or treatment effects. Indeed, patients with HER2-enriched, early HR+/HER2-negative breast cancer may have a higher likelihood of relapsing than those with luminal disease [10] . Thus, a given population of relapsed patients, such as that enrolled in BOLERO-2, is more likely to carry the HER2-enriched subtype than a population of patients with early breast cancer. However, 10%-15% of primary luminal A or B tumors acquire a HER2-enriched profile in the metastatic tumor sample at first recurrence [22] . This increase in the HER2-enriched profile in metastatic tumor tissue compared with primary tumor tissue was also observed here, in BOLERO-2 (32.0% vs. 18.7%). Overall, the acquisition of a HER2-enriched profile might reflect the appearance of estrogen independence in a previously estrogen-dependent tumor (i.e., luminal).
The identification of HER2-enriched tumors without HER2 overexpression/amplification might seem counterintuitive. However, intrinsic subtypes are defined based on global expression patterns of 50 genes, rather than a single gene. Thus, how different is a HER2-negative/HER2-enriched tumor from a classical HER2-positive/HER2-enriched tumor? A previous study compared thousands of molecular features of DNA, mRNA, miRNA, and proteins [6] . The results revealed that a very small number of molecular features (<2%) were significantly different between the two groups, most of which were in the HER2 amplicon (17q12-21) itself. Thus, from a biological perspective, HER2-enriched/HER2-negative tumors resemble classical HER2-enriched/HER2-positive tumors except for a lack of HER2 amplification/overexpression. Elucidating the driver(s) of the HER2-enriched phenotype is a current research priority. One potential candidate is epidermal growth factor receptor (EGFR), because patients with the HER2-enriched subtype within HR+/HER2-negative disease seem to benefit from lapatinib, an orally available dual EGFR/HER2 tyrosine kinase inhibitor [11] .
An interesting observation was that there were no significant PFS or OS differences between luminal A and B subtypes. These results are inconsistent with those of the phase III EGF30008 study, in which PFS and OS were better among patients with the luminal A subtype versus those with the luminal B subtype [11] . One important aspect is that the vast majority of tumor samples analyzed (80.1%-85.7%) in this study and in the EGF30008 study were derived from the primary tumor, and were collected years before the patient relapsed. This might be important, as intrinsic subtype may evolve over time. In a recent study, in which 123 primary versus metastatic paired samples were PAM50 profiled, 55% of luminal A primary tumors were either luminal B or HER2-enriched at relapse; by contrast, 80% of luminal B primary tumors remained luminal B at relapse [22] . Thus, it is likely that, compared with the EGF30008 trial, in which no patients received prior aromatase inhibitors, a large proportion of luminal A tumors identified in BOLERO-2 are no longer luminal A.
The present study has several limitations. First, only 36.0% (261 of 724 patients) of the BOLERO-2 study population was evaluated. Although the PAM50 subpopulation was well balanced and achieved a similarly significant PFS benefit with everolimus plus exemestane versus placebo plus exemestane compared with the original population, the study was underpowered to detect more significant differences between variables. Second, 80.1% of the samples profiled were from primary, rather than metastatic, tumor tissues. Whether the prognostic and/or predictive associations would have improved if metastatic tumor tissue had been profiled is currently unknown. Third, this is an unplanned retrospective analysis of a prospective clinical trial. However, to minimize bias, a statistical analysis plan was prepared before initiating the project and the laboratory that performed and reported the gene expression results for each sample was blinded to clinical data. Finally, we could not evaluate the prognostic and/or predictive ability of the basal-like subtype, because only five cases (1.9%) were identified. As such, this analysis focuses on patients with HER2-enriched versus non-HER2-enriched tumors. This study therefore adds valuable data describing the prognosis for patients with both HER2-enriched and non-HER2-enriched disease.
CONCLUSION
The HER2-enriched subtype is present in a substantial proportion of advanced HR+/HER2-negative breast tumors and is a consistent biomarker of poor prognosis. Future trials in the advanced or metastatic setting should take this heterogeneity into account, because one patient out of five is likely to have nonluminal disease. Finally, the identification of tailored therapies for HER2-enriched tumors within HER2negative disease is urgently needed.
